Gram-positive bacteria utilize externalized peptides to coordinate genetic and 22 physiological processes required for biofilm formation, stress responses and ecological 23 competitiveness. One example is activation of natural genetic competence by ComR and the 24 comX-inducing peptide (XIP) in Streptococcus mutans. Although the competence pathway can 25 be activated by addition of synthetic XIP in defined medium, the hypothesis that XIP is able to 26 function as an intercellular signal molecule has not been rigorously tested. Co-culture model 27 systems were developed that included a "sender" strain that overexpressed the XIP precursor 28 (ComS) and a "responder" strain harboring a GFP reporter fusion to a ComR-activated gene 29 (comX) promoter. The ability of the sender strain to provide a signal to activate GFP expression 30 was monitored at the individual cell and population levels using i) planktonic culture systems, ii) 31 cells suspended in an agarose matrix or iii) cells growing in biofilms. XIP was shown to be freely 32 diffusible and XIP signaling between the S. mutans sender and responder strains did not require 33 cell-to-cell contact. The presence of a sucrose-derived exopolysaccharide matrix diminished the 34 efficiency of XIP signaling in biofilms, possibly by affecting spatial distribution of XIP senders 35 and potential responders. Intercellular signaling was greatly impaired in a strain lacking the 36 primary autolysin, AtlA, and was substantially greater when the sender strain underwent lysis.
INTRODUCTION
145 genetically modified S. mutans: a "sender" strain harboring a comS overexpressing plasmid 146 (pIB184comS) along with a plasmid carrying the dsRed fluorescent protein (RFP) under the 147 control of the comX promoter (PcomX), and a "responder" strain expressing GFP also under the 148 control of PcomX ( Figure 1A ). The responder also carried the empty pIB184 vector so that the 149 two strains were as genetically similar as possible. In certain cases, comS was deleted from the 150 responder to remove any confounding effects of XIP production and auto-feedback by the 151 responder strain. As structured, then, the sender constitutively expresses comS from the P 23 152 promoter on pIB184, overproducing the pro-peptide ComS and hence XIP. Intracellular 153 signaling or self-activation could be monitored in the sender strain through RFP fluorescence; 154 the sender strain was easily distinguished from the co-cultivated responder in microscopy 155 images by its lack of green fluorescence in combination with its strong red fluorescence. If XIP 156 can serve as an intercellular signal, the responder strain should then import the XIP from the The ability of the sender strain to activate comX in the responder strain, as measured by 162 GFP production, was first examined with a plate reader-based assay. Mid-exponential phase 163 planktonic cultures of both sender and responder strains were diluted 1:100 into fresh FMC 164 medium, such that the sender strain was present in a ratio of 2.3:1 with the responder strain 165 (Supplemental Figure 1) , resulting in a final overall dilution in terms of absolute cell numbers of 166 approximately 1:50. After 18 hours of growth, no detectable fluorescence was observed when 167 wild-type (WT) S. mutans strain UA159 was co-cultivated with the PcomX::gfp responder strain 168 ( Figure 1B) . In contrast, the comS-overexpressing strain, i.e. the sender, was able to elicit high 169 expression of PcomX::gfp by the responder under similar growth conditions. To verify that 170 PcomX::gfp expression was derived from imported extracellular XIP provided by the sender 171 strain, we evaluated GFP fluorescence with two mutant backgrounds of the responder strain,
172
ΔcomS and Δopp. GFP fluorescence was still detectable in the responder strain lacking comS, 173 albeit at a level 4-fold lower than in the strain with an intact comS gene. However, no GFP 174 production was observed in the opp mutant of the responder strain. Both results were as 175 expected: a lower level of fluorescence in a responder lacking comS would be unable to amplify 176 comX expression through the internal positive feedback arising from the ComR-XIP complex 177 activating the comS promoter, and XIP provided by the sender must be imported via Opp to 178 activate comX. Collectively, the results indicated that the sender was able provide a XIP signal 179 to the responder and that comX was activated by this XIP signal, consistent with the current 180 model for XIP-dependent activation of comX via active internalization by Opp, complexation with 181 ComR, and signal amplification through activation of comS transcription.
182
To provide a rough estimate of the amount of XIP generated by the sender strain, we 183 compared the fluorescence of the pIB184ComS/UA159;PcomX::gfp/UA159 co-cultivation results 184 to the fluorescence of cultures obtained by addition of various concentrations of sXIP to a mixed 185 culture of UA159 and PcomX::gfp/UA159 at the same 2.3:1 ratio used in the previous 186 experiment. From the measured fluorescence, it could be estimated that the amount of XIP provided by the comS over-expresser was between 37.5 and 50 nM ( Figure 1C) 
202
overexpressing strain were grown in FMC medium. After pelleting the cells, the supernates were 203 filter sterilized, the pH was adjusted to 7.0, and a concentrated solution of sterile glucose was 204 added to provide an additional 20 mM glucose. Supernates from S. mutans UA159 205 supplemented with 50 nM sXIP served as a positive control. The PcomX::gfp/UA159 responder 206 was then suspended in the supernatant fluids and fluorescence was measured during growth of 207 the cells. No fluorescence was observed from the responder strain grown in the supernates 208 from UA159, unless sXIP was added ( Figure 2A ). However, when the PcomX::gfp responder 209 strain was grown in supernates from the comS-overexpressing strain, robust fluorescence was 210 evident. These data clearly show that cell-free supernates of S. mutans are sufficient for 211 intercellular signaling, albeit overexpression of comS was required to yield sufficient signal 212 peptide in the supernates under the conditions tested.
Definitive evidence that the sender could produce a cell-free signal that could activate 214 comX expression in the responder strain was obtained when the comS-overexpressing sender 215 and PcomX::gfp/UA159 responder strains were cultured in separate chambers of a transwell 216 apparatus ( Figure 2B 
228
In previous reports, the XIP peptide could be detected in supernatant fractions of the 229 wild-type strain UA159 at a high cell density (OD 600 = 1.0) and cell supernates could also 230 stimulate a PcomX reporter strain (14) . In this study, we were not able to observe activation of 231 the PcomX::gfp reporter by co-cultivation of strain UA159 or by using supernates from overnight 232 cultures of S. mutans UA159. The discrepancy between these studies and ours could be due to 233 the previously documented differences in XIP signaling seen between the chemically-defined 234 media CDM (14) and FMC (28). In particular, XIP signaling is exquisitely sensitive to low pH 235 (28, 29) and the drop of pH in FMC due to carbohydrate metabolism may be too rapid when 236 compared to that in CDM, since the latter is formulated with substantially greater (phosphate) 237 buffer capacity. While levels of XIP in supernates from high-density, overnight cultures have 238 been reported to be as high as 1 μ M (14), such levels are not required to activate comX transcription or induce genetic competence in early exponential phase cells when the pH is near 240 neutrality (28, 29) ( Figure 1C ). In fact, later in the growth phase, when XIP concentrations in the 241 medium may approach μ M levels, the ComRS system may be inactive due to acidification of the 242 environment. Instead, optimal signaling occurs at the threshold for PcomX activation and 243 theoretically at lower cell densities, when the inhibitory effects of low pH generated by 244 carbohydrate fermentation are minimalized. Thus, the co-culture model that is presented here 245 permits the study of competence signaling under conditions that may be more physiologically 
271
To begin visualizing ComRS signaling at the single-cell level using a co-culture 272 approach, we first mixed the comS-overexpressing sender with the responder, which carried the sender strain elicits a much weaker response from the responder than does the addition of 289 synthetic XIP or was seen in the microtiter-based experiments detailed above. Since diffusion 290 limitation cannot explain the results, we posited that the differences between this experiment and those described above could arise from a number of different factors that include a shorter 292 experimental duration, a greater average distance between sender and responder cells in the 293 agarose matrix than in the co-culture studies, more limited lysis of the senders (see below), or 294 insufficient externalization of XIP by the sender under these particular conditions.
295
One interesting finding from this experiment is that self-activation from the sender strain 296 (intracellular signaling) was more apparent and of a greater magnitude than observed for the 297 responder strain (intercellular signaling). As seen in Figure 4A and 4C, the senders are self-298 activating and the responders remain largely inactive, in terms of comX promoter activity, to the 299 signal in comparison to when sXIP was added (Figs. 4B and 4D). Such behavior may indicate, 300 at least within the confines of this experimental design, that the ComRS pathway is more 301 efficient for intracellular signaling than for intercellular communication. The S. mutans 302 competence pathway is unique among streptococci in that a ComCDE-like system, the 303 activation of which is dependent on the quorum sensing molecule CSP, is linked to ComRS and 304 that addition of sCSP to a peptide-rich medium results in a ~10 3 increase in transformation 305 efficiency. One must therefore consider, based on these findings, whether the ComRS pathway 306 in S. mutans functions primarily as an intracellular signal driven by its positive feedback loop.
307
Such a model for the importance of internal auto-activation by ComRS in complex medium, 308 such as BHI, has been previously presented (9). Importantly, an ability for XIP to function in self-
309
activation of cells and also as an intercellular signaling molecule are not mutually exclusive.
310
There is a high degree of specificity of the S. mutans ComR protein for XIP from S. mutans, but 311 XIP variants from other streptococcal species do not appear to interact with ComR of S. mutans; 312 whereas certain other ComR proteins are able to interact with XIP from non-cognate species 313 (21). Also of interest is the fact the ComS is extremely highly conserved between isolates of S. 314 mutans (32). Perhaps the stringency of the S. mutans ComR-XIP interaction and high degree of 315 conservation of XIP sequence in this organism reflects evolutionary pressures and niche adaptations that favored activation of competence only with a signal input from other strains of 317 S. mutans in complex populations in humans.
319
ComRS signaling in biofilm populations analyzed by microscopy and flow cytometry.
320
As noted above, the natural environment for S. mutans is in biofilms, enmeshed in 321 exopolymeric material of bacterial and host origin, so we next evaluated ComRS signaling from 322 sender to responder in an in vitro biofilm model system where the exopolysaccharides were 323 generated during the experiment by enzymatic activities of S. mutans. To achieve an 324 approximately equal number of sender and responder cells in the model biofilm system for the 325 duration of the experiments, an optimal ratio of sender:responder inoculum was first determined.
326
Beginning with a 1:1 ratio of sender:responder grown in FMC medium and incubating the 327 biofilms for 18 hours, it was determined after biofilm dispersal and plating that the comS- 
343
ComRS signaling within co-culture biofilm populations of S. mutans was visualized after 344 18 h of incubation in FMC medium, with replacement of spent medium with fresh medium at 6 h.
345
As a positive control, sXIP was added with the fresh medium at the 6-h time point in a final 346 concentration of 50 nM. Fluorescence images from both the sXIP-treated control and co-culture 347 biofilms that received no sXIP treatment were obtained for both the RFP-marked sender strain 348 and the GFP responder strain using confocal microscopy ( Figure 5A 
357
As the comS-overexpressing (sender) strain has apparently decreased fitness in biofilm 358 populations compared to a similar strain with an otherwise wild-type genetic background 359 (responder), we next grew biofilms with an original inoculum of either sender or responder, and 360 added the other strain at 6 h, along with fresh medium, to establish the co-cultures. Under 361 growth conditions in which the comS-overexpressing strain was allowed to establish first in the 362 biofilm, an increased proportion (61 ± 3%) of cells displayed dsRed fluorescence by flow 363 cytometry, compared to when the strains were added together in the initial inoculum (45 ± 4%).
364
However, the proportion of the GFP-positive PcomX::gfp strain remained unchanged when 365 contrasting co-inoculation with inoculation with the responder strain at 6 h (11 ± 4% to 12 ± 2%, 366 respectively). However, when the responder strain was established first, very little GFP or RFP fluorescence activity was observed, either by confocal microscopy or flow cytometry. This is 368 most likely due to the comS-overexpressing strain not being able to establish and/or persist 369 after the strain with the wild-type genetic background had already established a biofilm. Overall,
370
ComRS signaling in co-culture biofilms was strongly dependent on the timing of introduction of 
376
S. mutans strains are genomically and phenotypically diverse members of the oral 377 microbiome that predominantly colonize hard surfaces. A substantial body of evidence 378 implicates these organisms as primary etiological agents of human dental caries (31). Among 379 the many attributes that enable S. mutans to be an effective caries pathogen are its potent 380 acidogenic and aciduric properties, coupled with its capacity to utilize sucrose to form copious 381 quantities of extracellular polysaccharide (EPS) via three glucosyl-and one fructosyl-transferase 382 enzymes (Gtfs and Ftfs) (32). Gtfs, through in situ synthesis on the acquired enamel pellicle, 383 provide initial colonization sites for S. mutans, and produce the insoluble EPS matrix that 384 encases the bacteria, leading to the establishment of complex 3-dimensional biofilm structures 385 (33). Within these structures are highly diverse microenvironments that may influence diffusion 386 of chemical compounds and peptides that function in interbacterial communication. All 387 experiments herein were, to this point, conducted using FMC containing 20 mM glucose as the 388 sole carbohydrate source. To explore how addition of sucrose and production of an EPS matrix 389 would impact XIP signaling, we grew co-culture biofilms with low (2.5 mM to 15 mM), medium (5 390 mM to 10 mM) and high (9 mM to 2 mM) ratios of sucrose to glucose; sucrose is a dissacharide, 391 so the weight-to-volume concentrations of fermentable carbohydrates were constant across all 392 experiments. In all conditions in which sucrose was present, XIP activation within the co-culture biofilm was evident ( Figure 6 ). Interestingly, though, when sucrose was provided, a spatial 394 organization pattern between the comS-overexpressing sender and PcomX::gfp/UA159 395 responder became apparent, with the two strains segregating into different regions of the 396 biofilms ( Figure 6A ). In terms of both proportion of cells responding and overall gfp intensity 
403
intensity measured in the sender strain increased from 17.9 ± 0.9 au in biofilms formed in 20 404 mM glucose to 25.3 ± 0.9 au when the highest sucrose concentration was present.
405
To further evaluate the basis for the negative impact of sucrose and the resultant 406 polysaccharide matrix on intercellular signaling by XIP within biofilm populations, biofilms of 407 PcomX::gfp/UA159 were grown with low, medium, and high ratios of sucrose to glucose for 5 h 408 before sXIP was added. GFP production was monitored at selected time intervals, both by 409 relative fluorescence in a plate reader and by confocal microscopy (Supplemental Figure 4 ).
410
Ample comX activation was noted in biofilms cultured in low-sucrose conditions when a final 411 concentration of 200 nM or 2 µM sXIP was provided. However, at the intermediate sucrose 412 concentration, activation was only seen with 2 µM sXIP and yielded a relative fluorescence that 413 was 3.5-fold lower compared to the low-sucrose condition. The most substantial effects were 414 seen in the high-sucrose condition, where 2 µM sXIP was unable to activate the PcomX 415 responder strain. In fact, 10 µM sXIP was needed to measure GFP production within the high-416 sucrose biofilms. Collectively, these data highlight that provision of sucrose, which dramatically 417 alters the biofilm EPS matrix and influences the physiology and transformability of S. mutans 418 (34, 35) , has an overall negative impact on the response of cells to XIP.
One potential explanation for the reduced response by the responder strain when 420 various amounts of sucrose were present in the growth medium is slower diffusion of the 421 secreted XIP peptide within the biofilms due to increased EPS formation. The reduced diffusion Figure 6A show that some spatial 426 correlation between sender and responder is evident, such that clusters of senders and 427 responders appear segregated, even though the biofilm inoculum consists of uniform 428 suspension of senders and responders. A comparison of merged and brightfield images also 429 shows that certain cells within the biofilm population remain unresponsive to the sender's signal 430 (Supplemental Figure 5 ). Similar phenotypic heterogeneity was recently noted in monoculture 431 biofilms that had been treated with sXIP peptide, and notably, there was little evidence of cell 432 death in biofilms cultured under similar conditions (24). Thus, it will be interesting to unravel why 433 these cells within the biofilm are unresponsive, although it can be hypothesized that some are 434 unresponsive due to slow growth or to being confined to microenvironments that inhibit uptake 435 or responses to signal(s) inputs. Further study of the spatial organization of various modified 436 sender and responder strains should yield a more complete understanding the role of biofilm 437 architecture on signaling, and vice versa.
439
Lysis of the sender strain contributes significantly to XIP signaling.
440
A critical gap in our current understanding of the ComS/XIP system of S. mutans is that 441 the export apparatus and protease that generate externalized XIP from ComS have not 442 identified. Several attempts have been made to identify both the presumptive exporter and the 443 protease in S. mutans (13, 20, 37) . The ABC transporter PptAB was identified recently in S.
444
pyogenes as an SHP exporter, but XIP secretion in S. mutans was only partially reduced in a pptAB deletion (38). These results indicate that other mechanisms exist by which XIP appears disrupt key components of the signaling circuit to decrease the proportions of pathogens in 520 dental biofilms.
522

EXPERIMENTAL PROCEDURES
523
Bacterial strains and growth conditions. S. mutans wild-type strain UA159 and its derivatives 524 (Table 1) were grown in either brain heart infusion (BHI) (Difco) or FMC medium (47) that was 525 supplemented with 10 µg ml -1 erythromycin and 1 mg ml -1 of kanamycin or spectinomycin, as 526 needed. Unless otherwise noted, cultures were grown overnight in BHI medium with the 527 indicated antibiotics, if needed, at 37°C in a 5% CO 2 , aerobic atmosphere. The next day, 
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Quadrants are set to UA159 control. Flow cytometry data was collected from three independent 929 experiments with triplicate samples. 
